Abstract: A concise and CuI nanoparticle-catalyzed synthesis of tetrahydrochromenediones and dihydropyrano[c]-chromenediones under solvent-free grinding conditions via the three-component condensation reaction of Meldrum's acid, an aromatic aldehyde, and an active methylene compound, including dimedone or 4-hydroxycoumarin, was developed. This new method gives desirable advantages such as simple reaction setup, very mild reaction conditions, production of the desired products in high yields without by-products, recyclability of the catalyst, and environmentally benign procedure.
Introduction
The utility of nanostructured metal salts as catalysts in organic synthesis lies in their better properties compared to the bulk size [1, 2] . Nanosized copper iodide is one reusable Lewis acid catalyst, which has revealed several catalytic activities for the synthesis of organic compounds and others [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Chromene is a prominent structural motif found in various natural and nonnatural products, which have been reported to show a wide spectrum of useful biological properties such as antioxidant [13, 14] , anticancer [15] [16] [17] [18] , antimicrobial [19] [20] [21] [22] , hypotensive [23] , and local anesthetic [24] . In addition, they can be used as cognitive enhancers [25, 26] , for the treatment of neurodegenerative diseases, including Alzheimer's disease [27] and schizophrenia disorder [28] .
We have recently developed a series of heterocyclic syntheses using nanostructured catalysts [29] [30] [31] . Herein, we report a highly efficient and practical method for the synthesis of 4-aryl-7,7-dimethyl-4,6,7,8-tetrahydro-2H-chromene-2,5(3H)-diones (4a-g) and 4-aryl-3,4-dihydro-2H,5H-pyrano[3,2-c]chromene-2,5-diones (6a-g) via a condensation reaction of Meldrum's acid, aromatic aldehydes, and active methylene compounds, including dimedone or 4-hydroxycoumarin, catalyzed by CuI nanoparticles (CuI NPs) under solvent-free grinding (Scheme 1). In view of the above-mentioned useful properties of chromenes, various synthetic methods have been developed for the preparation of these compounds [32] [33] [34] [35] [36] . To the best of our knowledge, a synthesis of tetrahydrochromenediones and dihydropyrano[c]chromenediones catalyzed by CuI NPs has not been reported in the literature as yet.
Results and discussion
To optimize the reaction condition, benzaldehyde (2a) was chosen as the representative starting material in a typical reaction with Meldrum's acid (1) and dimedone (3) in the presence of CuI NPs under grinding to synthesize the corresponding chromenedione 4a (Scheme 2 and Table 1 ).
Different amounts of catalyst were examined first. After 15 min with 5, 10 and 15 mol% of CuI NPs, yields of 38%, 92%, and 90%, respectively, were obtained. It is important to note that in the absence of CuI NPs, only a trace amount of product was found after 30 min (Table 1 , entries 1-4).
When the grinding time was increased from 10 to 15 min, the yield of product 4a was increased. However, further increase of the grinding time to 20 min failed to improve the yield of product 4a (Table 1 , entries 3 and 5-6).
After the completion of the model reaction, the catalyst was recovered from the reaction mixture by a procedure described in the Experimental section and reused up to four times without significant loss of catalytic potential (product yields: 91%, 90%, 88%, and 85%, respectively).
The CuI NPs that were used as catalyst in this work were prepared by a literature procedure developed by Tavakoli et al. [37] . The X-ray powder diffraction (XRD) pattern and the scanning electron microscope (SEM) image of the synthesized CuI NPs have been presented in a previously published article [38] . The XRD pattern showed sharp peaks for CuI NPs matching with the standard cubic structure of crystalline CuI (cubic space group F4 ̅ 3m, a = 6.0545 Å: JCPDS 82-2111). The SEM result also showed that the CuI NPs were triangle-shaped with a size range of 30-40 nm (see Abdolmohammadi and Karimpour [38] for an SEM image of the thus prepared CuI NPs).
Different types of aromatic aldehydes carrying either electron donating or withdrawing substituents and dimedone or 4-hydroxycoumarin as active methylene compounds with Meldrum's acid as a model substrate were then explored under the optimized reaction conditions (Table 2) , and high yields of desired products were obtained.
According to the proposed mechanism (Scheme 3), this catalytic protocol can be explained by a KnoevenagelMichael sequence reaction. CuI NP is an effective catalyst for the formation of alkene 9, readily prepared in situ from the Knoevenagel condensation of Meldrum's acid 1 and aromatic aldehyde 2, which proceed via carbocation 7 and then intermediate 8. The enol form of dimedone 3 then adds to alkene 9 in a Michael-type addition to generate intermediate 10. The cyclization of 10 followed by the elimination of acetone gives product 4 after the decarboxylation of intermediate 11. The formation of pyranochromenediones 6 can be explained analogously. The structures of the compounds were confirmed by their satisfactory elemental analyses, infrared (IR), and 1 H and 13 C NMR spectroscopy. Selected spectroscopic data are given in the Experimental section. The synthesized catalyst was fully characterized by XRD and SEM techniques.
Conclusion
We have reported a simple route for the synthesis of tetrahydrochromenediones and dihydropyrano[c]chromenediones under solvent-free conditions using a grinding technique promoted by CuI NPs. Compared with known methods [34] [35] [36] , this new protocol is endowed with high yields of products, short reaction time, reusability of catalyst, mild reaction conditions, and very simple operation.
Experimental section

Materials and methods
All chemicals used in this work were purchased from Merck and Fluka in high purity (Kimiaexir Chemical Company, Tehran, Iran). Melting points were determined with an Electrothermal 9100 apparatus and are uncorrected (Islamic Azad University, East Tehran Branch, Tehran, Iran). Fourier transform infrared spectra were obtained using a Bruker Equinox 55 Golden Gate Micro-ATR spectrometer (Chemistry and Chemical Engineering Research Center of Iran, Tehran, Iran). 
General procedure for the preparation of CuI NPs
Cu(NO 3 ) 2 ·3H 2 O was used as the Cu source for the preparation of the catalyst by a precipitation approach. Initially, the D-(+)-glucose solution was added dropwise into the solution of copper nitrate for the reduction of the Cu +2 to Cu + under vigorous stirring, and then the LiI solution was added into the previously mentioned solution. The mixture was stirred for approximately 30 min at room temperature. After the completion of the reaction, a gray precipitate was obtained. The solid product was filtered and washed with deionized water and absolute EtOH, respectively, and finally dried in vacuo for several hours to give the pure catalyst [37] .
General procedure for the synthesis of compounds 4a-g and 6a-g
Meldrum's acid (1, 1 mmol), aromatic aldehydes 2 (1 mmol), active methylene compounds 3 or 5 (1 mmol), and CuI NPs (1.9 mg, 10 mol%) were placed in a mortar. The mixture was ground with a mortar and pestle at room temperature for 15 min. After the completion of the reaction indicated by TLC, the resulting mixture was diluted with dimethylformadide (DMF) (5 mL) and then centrifuged for 5 min at 2000 rpm to recover the catalyst. The organic solution was then poured into ice-cold water (10 mL) to give a solid precipitate, which was filtered off and recrystallized from EtOH (95%) to afford the pure product. Hydroxyphenyl)-7,7-dimethyl-4,6,7,8 
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